A streptomycin-resistant strain of Staphylococcus aureus, which requires haemin for aerobic growth, grew either aerobically or anaerobically in the absence of haemin provided the medium was supplemented with acetate or pyruvate; growth with these organic acids was increased by uracil and purines. The parent drug-sensitive strain grew aerobically without haemin but when grown anaerobically required either uracil or acetate or pyruvate. With both strains mevalonate replaced acetate and was about ten times more active.
INTRODUCTION
Jensen & Thofern (1953) described a streptomycin-resistant strain of Staphylococm aureus (Var 511) which, unlike the parent sensitive strain, required haemin for growth. Later work showed that the mutant grew without haemin in a medium containing acetate or pyruvate ; purines and uracil increased growth under these conditions (Lascelles, 1956 ). The mutant did not form haem compounds when grown on acetate in place of haemin since organisms grown in this way neither respired nor reduced nitrate; these activities were present only in organisms grown on haemin (Jensen & Thofern, 1953;  Lascelles, 1956) . In the present work the requirement of the mutant and parent strains for acetate has been examined more thoroughly. In addition, analyses have been made of the end products of glucose metabolism by suspensions of the parent and mutant strains to see whether these provided evidence for differing pathways of glucose breakdown which might account for the requirement of the mutant for preformed acetate when grown without haemin.
hydrochloride, 1 mg. ; biotin, 1 pg. ; adjusted to pH 7-4. Glucose (1 yo final conc.) was added after autoclaving. Supplements to this medium are indicated in the text.
Growth tests. Aerobic cultures were in 18 mm. tubes containing 5 ml. medium incubated in air without shaking. Anaerobic cultures were grown in completely filled glass-stoppered bottles containing 32 ml. medium. The inoculum was prepared by suspending organisms from a chocolate blood agar slope in water to a concentration equivalent to about 0.4 mg. dry wt./ml,; dilutions of this suspension were added to the medium to give an initial concentration density equiv. about 0401 mg. dry wt./ml. Incubation was at 37". Amounts of growth and concentrations of suspensions were measured with an EEL colorimeter (Evans Electroselenium Ltd., Halstead, Essex), an instrument reading of 10 being equivalent to 0.42 mg. dry w t . /ml.
Preparation of suspensions. Cultures were grown in 250 ml. flasks containing 125 ml. medium inoculated with organisms from the chocolate blood agar slopes to give an initial concentration equiv. about 0-01 mg. dry wt./ml. Incubation was in air (without shaking) for 16 hr. at 37". Organisms were harvested by centrifugation and washed in one half the original culture volume of 0.02 M-potassium phosphate buffer (pH 7 4 ) . They were finally suspended in 0.04 M-potassium phosphate buffer (pH 7.4) to a concentration equiv. 2-4 mg. dry wt./ml.
Mafiometry. Conventional Warburg techniques were used. Details of the vessel contents and atmosphere are given in the text. Incubation was at 37".
AnaZyticaE methods. After incubation, suspensions were removed from the manometer cups, the organisms removed by centrifugation and samples of the supernatant fluid analysed for lactate and acetate. Lactate was determined by the method of Barker & Summerson (1941) and acetate as described by Rose (1955). Protein was estimated by the method of Lowry, Rosebrough, Farr & Randall (1951) , with crystalline bovine serum albumin (Armour Laboratories Ltd., Hampden Park, Eastbourne, Sussex) as standard.
Assays of enzymic activity. Cell-free extracts were made by shaking 10 ml. suspension (equiv. 10 mg. dry wt./ml. in 0-04 mpotassium phosphate buffer, pH 7-4) with 10 g. ballotini (grade 12) beads for 5 min. in a Mickle disintegrator (Mickle, 1948) . After centrifugation at 20,000 g, for 10 min. at O", the clear supernatant fluid was assayed for lactate dehydrogenase and pyruvate oxidizing activity. Lactate dehydrogenase was measured by following the rate of oxidation of reduced nicotinamide-adenine dinucleotide (NADH,) Special chemicals. Stock solutions of haemin (1 m M ) were dissolved in 0.02 N-NaOH in 50% (v/v) ethanol. It was added to media after autoclaving. Sodium DLmevalonate was prepared by neutralizing the lactone (British Drug Houses, Ltd., Poole, Dorset). Details of other materials were as previously described (Lascelles, 1956 (Lascelles, , 1960 .
RESULTS

Growth of parent and mutant strains
Aerobiosis and anaerobiosis. The parent strain grew aerobically on the unsupplemented basal medium containing glucose, amino acids and B-group vitamins ; but anaerobically the addition of purines and uracil or of acetate or pyruvate was Of the nucleic acid derivatives tested, uracil was essential as found previously for Staphylococcus (Richardson, 1936) ; the purines merely improved anaerobic growth. Anaerobic growth of the parent strain with acetate was increased by the addition of nucleic acid derivatives.
Haemin promoted growth of the mutant strain only under aerobic conditions ( Table 1) . The oxygen tension necessary to support full growth under these conditions could not have been high since static cultures in 18mm. diameter tubes containing 10 ml. medium grew just as well as those in vigorously shaken flasks.
Growth of the mutant in the absence of haemin occurred either aerobically or anaerobically when the basal medium was supplemented with acetate or pyruvate ( Table 1) . The further addition of a mixture of adenine, xanthine and uracil improved the yield but, unlike the parent organism, nucleic acid derivatives alone did not support anaerobic growth.
Replacement of acetate by mevalonic acid. This compound also replaced acetate for growth of the mutant strain of Staphylococcus used here ( Table 2) . Mevalonate was 10 times more active than acetate though the lag period was longer than in cultures growing with acetate. Addition of mevalonate to the basal medium also promoted anaerobic growth of the parent strain. 
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Anaerobic metabolism of glucose by suspensions of organisms The obligatory requirement of the mutant for acetate (or pyruvate) for growth without haemin, whereas the parent strain grew anaerobically without added acetate in the presence of nucleic acid derivatives, suggested that the end products of glucose fermentation by the two strains might differ. No evidence for any major difference was, however, found. Lactic acid was the main end-product formed by incubation of suspensions of both parent and mutant organisms anaerobically in phosphate buffer (Table 3, Expt. 1). Small amounts of CO, were also formed but only trace amounts of volatile acids were detected after steam distillation of the fermentation mixtures. Acetoin was not detectable by the test of Barritt (1936). Suspensions of the mutant harvested from cultures containing either haemin or acetate and nucleic acid derivatives behaved similarly ( Table 3) . Suspensions of both parent and mutant organisms fermented pyruvate to lactic and acetic acids and CO, in equimolar amounts, as found previously with other strains of Staphylococcus aureus (Krebs, 1937) . The mutant strain behaved similarly whether grown with haemin or acetate.
The fermentation of glucose was also studied with organisms suspended in the basal medium instead of phosphate buffer. In these experiments acetate was estimated by the sensitive enzymic method of Rose (1955) . With both parent and mutant organisms, irrespective of the medium from which they were harvested, lactate was again the major end-product, amounting to about 1.5 pmole/pmole glucose (Table 3, Expt. 2). The amounts of acetate formed by suspensions of both organisms were of the same order, 0~1-0~15,umole/,umole glucose. The amount of acetate formed by the parent strain or by the mutant grown with haemin was however always more than that formed by the mutant grown without haemin; but the analyses did not provide any obvious clue to account for the ability of the parent to grow anaerobically in the absence of added acetate. The organisms were grown on the basal medium supplemented as shown with 10 m~. sodium acetate and 0.1 m. each of adenine, xanthine and uracil (Ac-PU) or with 0.001 m~. haemin (H). In Expt. 1, each double side-armed manometer cup contained: organisms (equiv. 2-5 mg. dry wt./ml.) 1.0 ml.; potassium phosphate buffer (pH 7.4) 250pmoles; glucose (when present) 10pmoles added from one side arm at zero time; H,O to 2-5 ml.
In Expt. 2, double-strength basal medium (1.25 ml.) was present in place of the phosphate buffer.
Incubation was a t 37' in N, for 1 hr. in Expt. 1, for 3 hr. in Expt. 2. To estimate CO,, 0.1 ml. 4 N-H,SO, was added from the other side arm a t the end of the reaction to liberate bound CO,. Lactate and acetate were estimated with suspensions incubated in the same way, except that H,SO, was not added a t the end of the reaction. Aerobic mtabolism of glucose by suspensions of organisms The oxidation of glucose was examined with suspensions of the parent and mutant strains incubated aerobically in the basal growth medium (Table 4) . Acetate was the major end-product (1-3 ,umole/,umole glucose), formed by the parent organism when harvested from the basal medium with or without acetate. The mutant strain I1 G. Microb. XXIX formed a similar amount of acetate only when previously grown on haemin, or when haemin was added to the manometer cups. Mutant organisms harvested from the acetate+nucleic acid medium formed only small amounts of acetate, lactate being the major end product; such suspensions showed only slight oxygen consumption. The ability of the mutant strain to grow without acetate aerobically in the presence of haemin was therefore correlated with its ability to oxidize glucose to acetate under these conditions. Organisms were grown on the basal medium supplemented with acetate, purines and uracil or with haemin (see Table 3 ). Each manometer vessel contained: organisms (equiv. 2.5 mg. dry wt./ml.), 1.0 ml. double-strength basal medium, 1.25 ml.; glucose (when present) 10 pmoles, added from the side arm at zero time; H,O to 205ml. The centre wells contained 0.2 ml. 20 yo NaOH. Incubation was at 37' in air for 8 hr. Table 5 . Lactic dehydrogenase and pyruvate oxidase activities in extracts of parent and mutant strains of Staphylococcus aureus Extracts were prepared as described in Methods from organisms grown in the basal medium supplemented as described in Table 3 * One estimation only, Enqmic activity of cell-free ex!tracts The requirement of the mutant strain for acetate might have been due to an active lactate dehydrogenase coupled with a low pyruvate oxidizing system. In such a situation pyruvate formed from glucose would be rapidly reduced to lactate and might not be available for acetate formation via pyruvate oxidase. However, no evidence for this was found by assay of these enzymes in cell-free extracts ( Table 5 ) . Extracts of the mutant and parent strains had a highly active NADlinked lactate dehydrogenase (specific for the iso isomer) and both types of extract exhibited a pyruvate oxidase system. There was no significant difference in the level of these enzymes in the parent and mutant strains nor did the presence of haemin or of acetate in the growth medium influence the enzymic activity found in the extracts.
DISCUSSION
Nutritional studies have provided abundant evidence that acetate is an essential metabolite for micro-organisms. It is required by some lactobacilli in media lacking lipoic acid which is part of the pyruvate oxidase complex (Reed, 1957 ,  1960 ). The precise structure of the bacterial isoprenoids is unknown but they are probably present in the non-saponifiable fraction of the lipids. The activity of mevalonate in replacing acetate for growth of the strains of Staphylococcus studied in this work suggests that the major function of acetate in these organisms is also for the formation of mevalonate. Growth experiments with the mutant strain of Staphylococcus suggest that it can form sufficient acetate for its biosynthetic needs only when an electron transport chain involving haemoproteins is functioning; either oxygen or nitrate can act as ultimate hydrogen acceptor under these circumstances (Lascelles, 1956 ). This interpretation of the growth experiments was confirmed by analysis of the end products of glucose metabolism. Acetate is the major end-product formed by haemin-grown organisms incubated aerobically but with those grown without haemin, lactate is the predominant end-product under both aerobic and anaerobic conditions .
The ability of the parent strain to grow anaerobically without added acetate provided uracil and purines are present suggests that it can make sufficient acetate by anaerobic mechanisms to satisfy its requirements for biosynthetic reactions while the mutant cannot. Evidence for a gross difference in fermentation pathways in the two organisms was not shown by the analyses; but the amount of acetate accumulated by the parent, although slight, was consistently higher than that formed by the mutant.
Since lactate is the main end-product of glucose fermentation by both strains reduction of pyruvate by a NAD-linked lactate dehydrogenase is apparently the main outlet for substrate hydrogen (see Fig. 1 ). For conversion of pyruvate, derived from glucose, to acetate an additional hydrogen acceptor system is required (X in Fig. 1 ) and this may be lacking in the mutant strain. Under aerobic conditions, provided there is a complete electron transport chain including haemoproteins, the problem of an outlet for substrate hydrogen is solved by the use of molecular oxygen.
The ability of added pyruvate to replace acetate for anaerobic growth of these staphylococci is readily explained by the pyruvate dismutation system which converts pyruvate to acetate, lactate and CO, (Krebs, 1937) . Pyruvate was previously shown to be needed for anaerobic growth of other strains of Staphylococcus (Richardson, 1936) . The present experiments throw no light on the question of why the parent strain requires for growth either nucleic acid derivatives or acetate. The whole problem of the requirement of Staphylococcus for nucleic acid derivatives for anaerobic growth remains unsolved.
